We characterized the adventitious rooting response of Eucalyptus globulus Labill. to various concentrations of calcium, nitrogen, phosphorus, iron, manganese, zinc, boron and copper. The parameters analyzed were percent rooting, root number, root length and mean rooting time. Root number and root length were significantly affected by mineral nutrition, whereas mean rooting time and rooting percentage seemed to be closely related to auxin availability. Root number was affected by calcium, nitrogen source and zinc, whereas root length was influenced by concentrations of phosphorus, iron and manganese, and by nitrogen source. Based on these results, we evaluated various combinations of several concentrations of these minerals in each rooting phase. Cuttings that were rooted in an optimized mineral nutrient medium and acclimatized to ex-vitro conditions for two months showed significantly higher survival after transplanting and drought stress than cuttings rooted in basal medium and treated in the same way.
Introduction
In forestry, vegetative propagation is widely used to multiply elite individuals obtained in breeding programs or selected from natural populations (Hartmann and Kester 1983) . Adventitious rooting, an essential step in vegetative propagation, is a complex process affected by multiple factors, including phytohormones, phenolic compounds, nutritional status and genetic characteristics (Hand 1994) , as well as various stresses. The adventitious rooting process consists of three successive but interdependent physiological phases with different requirements, namely: induction (biochemical and molecular events); initiation (cell divisions leading to the formation of root meristems); and expression (intra-stem growth of root-primordia and root emergence) (Kevers et al. 1997) . The success of the whole rooting process, in terms of both the quality of the root system and the percentage of rooting within a population of shoots, depends on the optimal progress of each of the three phases (Bellamine et al. 1998) .
Mineral nutrients have essential and specific functions in plant metabolism: they can function as constituents of organic structures, as activators of enzymatic reactions, or as charge carriers and osmoregulators (Marschner 1995) . Nutrition is a key factor determining root morphogenesis (Assis 2001) through effects on lateral root formation and control of root length and density. Although adventitious rooting and mineral nutrition are intimately related, few studies have attempted to characterize the effects of specific minerals on each of the three phases of the rooting process. However, to fully understand the relationship between adventitious rooting and mineral nutrition, we need to identify the role(s) of each nutrient in each phase of the rooting process (Blazich 1988) .
In southern Brazil, where winter frosts are common, the pulp and paper industry is interested in growing Eucalyptus globulus Labill. because it is relatively frost resistant and produces wood with a low lignin content, from which cellulose is easily extracted. However, Eucalyptus globulus is difficult to propagate vegetatively (Le Roux and Van Staden 1991, Serrano et al. 1996) , which prevents mass clonal propagation of superior E. globulus genotypes. A way to overcome this difficulty may be to optimize the nutritional regime during adventitious rooting (Assis 2001) .
We analyzed adventitious rooting of E. globulus in response to various concentrations of mineral nutrients in the root induction and root formation phases by applying a two-step sequential rooting medium protocol to microcuttings. The objectives were to characterize the role of each mineral nutrient during adventitious root development and to evaluate various combinations of minerals to develop a nutrient formulation for improved rooting.
Materials and methods

Plant material
Seeds of E. globulus (batches from Uruguay, Chile and Australia supplied by Aracruz Celulose, Guaíba, RS, Brazil) were surface-sterilized in 70% (v/v) ethanol (1 min) and 1.5% (v/v) NaClO (15 min) with a few drops of neutral detergent with constant stirring, followed by four washes in sterile distilled water. Twelve seeds were planted in 300-ml glass jars (capped with a double layer of aluminum foil) containing 60 ml of medium as follows: half-strength modified MS salts (Murashige and Skoog 1962) , with the concentration of calcium chloride reduced to1/6× (Termignoni et al. 1996) , 2% (w/v) sucrose and 0.6% (w/v) agar (Merck, extra pure microbiological grade; Whitehouse Station, NJ) (Fett-Neto et al. 2001) . After 3.5 months, microcuttings (about 3-cm-long tip cuttings, i.e., containing the meristematic apex) were excised from the seedlings and used in in-vitro rooting experiments.
Culture conditions
Rooting experiments were carried out according to a two-step basal sequential medium protocol consisting of a 4-day induction step (induction medium comprised 0.3× MS salts-hereafter, the basal concentration of each nutrient-0.4 mg l -1 thiamine HCl, 100 mg l -1 inositol, 10 mg l -1 of indolyl-butyric acid (49.3 µM), 30 g l -1 sucrose and 6 g l -1 agar, adjusted to pH 5.8 ± 0.1 before autoclaving) and a 20-day formation step (induction medium without added auxin and supplemented with 1 g l -1 activated charcoal) (Fett-Neto et al. 2001 ). Various concentrations of mineral nutrients were tested in both the induction and formation phases. The nutrients were chosen for their potential physiological involvement in adventitious rooting, based on their established roles in cell division and growth, auxin transport, lignification, regulation of peroxidase activity and transcription (Marschner 1995) . In all experiments, a control treatment without auxin in the induction step was included to confirm that the microcuttings had little or no rooting capacity. All reagents were analytical grade and media were prepared with double-distilled water from a quartz still. Media were sterilized by autoclaving at 121°C and 0.15 MPa for 20 min.
The experiments were carried out in 20-ml vials containing 6 ml of medium, which were capped with aluminum foil. There were two explants per vial and each treatment contained 30 explants. All experiments were performed in a growth room at 28 ± 2°C in a 16-h photoperiod with photosynthetically active radiation (PAR) of about 30 µmol m -2 s -1 from white flurorescent lamps at explant level. The experimental design was completely randomized and the experiments were independently repeated at least twice with similar results. The presence of a root was scored if an approximately 2-mm-long, polar, whitish structure was visible. Only roots originating directly from the stem were considered in the analysis (i.e., lateral roots or root branches were not counted as new adventitious roots).
Calcium experiments The concentrations of calcium (Ca; provided as CaCl 2 and expressed in mM) tested in the induction/formation steps were 3/0.9, 0.9/0.9 (basal concentration), 0.9/3 and 3/3. Potassium experiments The concentrations of potassium (K; provided as KCl and expressed in mM) tested in the both culture phases were 0, 6 (basal concentration), 20, 40 and 80. Nitrate and phosphorous concentrations were maintained by supplementing with appropriate amounts of NaNO 3 and NaH 2 PO 4 , respectively. The pH of the final medium was recorded for 10 flasks per treatment in the experiments with varying N source in the rooting phases. To evaluate the impact of pH changes induced by N uptake and metabolism in the rooting process, a series of experiments was carried out over a range of medium pHs (preautoclaving pH adjusted to 4, 5, 5.8 (control), 7 and 8 in both rooting phases), both with and without medium buffering with a mixture of MES (2-(N-morpholino)ethanesulphonic acid), PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)) and TRIS (Tris (hydroxymethyl) aminomethane) at 5 mM each. 
Phosphorus experiments
Nitrogen experiments
Iron experiments
Zinc experiments
The experiments with zinc (Zn; modifying ZnSO 4 ·7H 2 O concentrations) were conducted in two parts. First, the concentrations of Zn (expressed in µM) tested in both phases were 0, 9, 30, 60 and 120. In a second experiment, the concentrations of Zn in the induction/formation phases were 60/9, 30/9, 9/9 (basal concentration), 9/30, 9/60, 30/30 and 60/60. Combination experiments Based on the results obtained for each nutrient, media containing various combinations and concentrations of nutrients were prepared to evaluate rooting performance and potential synergistic or antagonistic interactions ( Table 1 ). Cuttings that rooted in the control nutrient medium and in Medium 4 (at least 30 from each treatment, 14 days after transfer to root formation medium) were transferred to vermiculite in 2-l plastic pots (containing about one third of their volume as substrate) and kept in a growth room. Pots were covered with transparent plastic film during the first week. In the second week after the transfer, small perforations (40-50 perforations, 2 mm in diameter) were made in the plastic film. During the following 2 weeks, larger holes (10-15 holes, 2-4 cm in diameter) were added. One month after the transfer, the plastic film was removed. Survival rates and plant morphometric data (shoot height, leaf number and length of the longest root, for 10 individuals) were examined 2 months after transfer to soil. Watering was done every 2 to 3 days throughout the acclimatization period. Once a week, pots were watered with 0.1× MS salts.
Manganese experiments
After 2 months of ex-vitro acclimatization, 10 individuals from the control treatment and 10 from Medium 4 were transplanted to 250-ml plastic cups containing a 1:1 (v/v) soil: vermiculite mix. Substrate in the cups was initially at field capacity (obtained by watering to the point of incipient bottom drainage and letting water drain completely for a few minutes). From then on, watering was withheld for 15 days. Water loss from the pots was estimated by individually weighing 10 pots without plants. Mortality rates were noted every 5 days.
Statistical analyses
Parameters examined included percent of cuttings' rooting, root number (roots per rooted cutting), longest root length and mean rooting times. Data were taken every 2 days after transfer to root formation medium for 20 days, except for root length which was measured only 20 days after transfer to root formation medium. Analysis of variance, followed by Duncan tests when appropriate (P ≤ 0.05), was performed according to Sokal and Rohlf (1981) . The mean rooting time, a measure of rooting kinetics, was calculated as in Fett-Neto et al. (2001) .
Results
In all treatments, roots developed from the stem without first forming callus. No root formation was observed during the induction phase. After transfer to the root formation medium, isolated roots or small root clusters occasionally formed on leaves; these roots were not considered in the analyses. Throughout the experiments, microcuttings in the control treatment, without auxin, had a low rooting percentage (0-10%) with about one root per rooted cutting. The rooting response of microcuttings in the control treatment (0.3× MS basal medium) showed high variability among experiments that probably reflected the different seed provenances. Mean rooting time was consistently about 5 days, and there was no significant effect of any of the mineral nutrient treatments on this parameter. However, compared to the control, the mineral nutrient treatments had large effects on adventitious rooting, with root number and root length generally responding the most.
Among the mineral nutrient treatments, only nitrate and Zn applied in both the induction and formation phases significantly influenced rooting percentage. The percentage of cuttings that formed roots was significantly increased in the 18-mM nitrate treatment, whereas the 120-mM nitrate treatment reduced the rooting percentage to about half that of the microcuttings in the basal medium ( Figure 1A) , and induced chlorosis. The presence of 30 µM Zn in both rooting phases resulted in a rooting percentage of 100%, whereas microcuttings in the treatment without Zn had a rooting percentage of 75%, which was statistically equivalent to the control value (Figure 1B) .
Root number increased with increasing calcium concentration ([Ca]) in both phases. A high [Ca] during the induction phase tended to increase root number more than a high [Ca] TREE PHYSIOLOGY ONLINE at http://heronpublishing.com MINERAL NUTRITION AND ADVENTITIOUS ROOTING 489 Figure 2A ). This phase-dependent effect was confirmed when we tested a 15-mM Ca treatment in the induction and formation phases separately and found that there was a significant increase in root number only when 15 mM calcium was applied in the induction phase (data not shown). Although Ca significantly increased root number, it had no significant effect on root length; however there was a tendency to form longer roots in the presence of high [Ca] in the formation phase (Figure 2A ). Because the donor seedlings were grown in a medium with reduced calcium (1/6th of the original MS concentration), a rooting assay was run with the microcuttings derived from seedlings grown in medium containing 1/6th or half the original MS concentration of calcium. The rooting performance was similar for cuttings of both origins.
Cuttings rooted with 60 µM zinc (the concentration of Zn in MS medium) in both phases had a significantly higher root number than control cuttings. None of the Zn treatments significantly enhanced root length ( Figure 2B ), although there was a trend toward increased root number and length in the 30/9 treatment (data not shown).
Nitrogen source had a significant effect on root length and root number. The smallest number of roots was in microcuttings grown with ammonium as the only N source in both phases. Microcuttings grown with nitrate as the sole N source in both phases or in one of the rooting phases had a root number similar to the NH 4 NO 3 control ( Figure 3A) . Ammonium in both phases or in the formation phase resulted in the shortest roots, and cuttings in both of these treatments displayed root browning. Treatment with nitrate in the formation phase yielded longer roots than the control treatment ( Figure 3A ).
Microcuttings exposed to nitrate treatments in both phases or in the formation phase had white roots, which are often indicative of high physiological activity. With increasing nitrate concentration, there was a significant decrease in root length (Figure 3B ) and a nonsignificant decrease in rooting percentage ( Figure 1A) . The best rooting responses were obtained with 18 mM nitrate as the N source.
At the end of the experiment, the final pH of the medium of treatments with nitrate present throughout the rooting phases or only in the formation phase was 7.3 ± 0.28. The final pH of the medium of the treatments with ammonium present throughout the rooting phases or only in the formation phase was 2.6 ± 0.21. For the control, with ammonium nitrate present throughout the rooting phases, the final pH was 4.3 ± 0.28. There was no significant effect of the unbuffered pHs examined (initially set from 4 to 8) on the rooting response based on percent rooting, root number, longest root length and mean rooting time. Buffering, on the other hand, was significantly inhibitory to all rooting parameters. Based on the overall mean rooting responses, buffering reduced rooting by 30%, root number by 50% and root length by about 60%, whereas it increased mean rooting time by 50% (data not shown). Cuttings in buffered media at low pH (4 and 5) showed darkening of roots and basal stems at the end of the experiment. [Fe] in the induction phase, but not in the formation phase ( Figure 4A ). Iron deficiency in the induction phase significantly increased root length of cuttings compared with values for control cuttings and cuttings in the Fe-deficiency treatment during the formation phase ( Figure 4A ). Cuttings subjected to Fe deficiency during the formation phase showed leaf chlorosis and browning of basal stems and roots.
Root number was not significantly affected by iron concentration ([Fe]). Root length was affected by
Manganese deficiency in the induction phase significantly increased root length compared with Mn deficiency in the formation phase ( Figure 4B ). Changes in manganese concentration ([Mn]), in either the induction or the formation medium, had no effect on root number ( Figure 4B ).
Changes in boron and copper concentrations ([B] and [Cu], respectively) had no significant effects on the rooting parameters measured. When the [B] was varied in both rooting phases, the results indicated a nonsignificant trend toward longer roots in the 200-µM B treatment. In response to modifications of [Cu] in the rooting phases, a slight increase in root number was observed in the 0.03/0.2 treatment.
Phosphorus concentration, whether in the induction or the formation phase, had no significant effects on the rooting parameters measured. Phosphorus deficiency in both phases, however, significantly reduced root length (data not shown). The potassium concentrations ([K]) evaluated in both rooting phases had no effect on the rooting process. Both K deficiency and high [K] (40 and 80 mM) tended to reduce root length and number when compared with microcuttings in the basal [K] .
In the combination experiments, root number significantly increased when microcuttings were grown in Media 2, 3, 4 or 5 ( Figure 5A ), whereas no significant effect was seen for root length. Treatments evaluating separately the combination of micronutrients (Fe, Mn and Zn) and the combination of macronutrients (Ca, NO 3 -) showed similar results to the control. Some of the beneficial effects of individual nutrient modifications on important root parameters, such as root length, were lost when combinations of nutrients were tested. The overall results of the best treatments versus the respective controls indicated that microcuttings performed best in the combined Medium 4 (M4; see Table 1 ) in terms of root number, and equivalent to the best individually adjusted nutrients in terms of root length, percent rooting and mean rooting time.
After 2 months of acclimatization ex vitro, the performance of rooted cuttings from the control medium (C) or M4 were not significantly different for the following parameters: shoot height ( C = 9.3, M4 = 9.1; number of leaf pairs: C = 7.3, M4 = 6.8; and survival rate: C = 72.9%, M4 = 75.9%. However, in a preliminary assay, when unrooted cuttings originating from both media were transferred to ex-vitro conditions, all cuttings from the control medium perished, whereas 36.4% of cuttings from M4 eventually rooted and survived, indicating greater fitness of the optimally nourished plants. Under the stressful conditions of transplanting followed by a lack of water, the mortality rate of rooted cuttings derived from M4 was significantly lower (P ≤ 0.054) than that of rooted cuttings derived from the control medium ( Figure 5B ).
Discussion
Mineral nutrition played an important role in the induction and formation phases of adventitious rooting in all seedling-derived cuttings of E. globulus raised from seeds of different provenances. We also observed differential rooting responses to some of the nutrients and nutrient concentrations tested.
Rooting percentage was influenced by zinc and nitrate nutrition, being inhibited by Zn deficiency and a high nitrate concentration (120 mM). Replacement of ammonium with moderate concentrations of nitrate significantly increased the rooting percentage. Perhaps a reduction in medium pH as a result of ammonium uptake (exchanged by protons) inhibited rooting, whereas rooting was stimulated by an increase in the pH of the medium in response to nitrate uptake (yielding hydroxide equivalents for ion reduction), possibly because of interference with auxin uptake and transport (Marschner 1995, Harbage and Stimart 1996) . Bennett et al. (2003) found that the presence of NH 4 + caused a decrease in pH and that when nitrate compounds other than ammonium nitrate were used as the nitrogen source, the medium pH was more stable and was associated with increased root production. We found a positive effect of nitrate on root length when nitrate was the sole N source in the root formation medium ( Figure 3A) .
The unbuffered pH treatments had no significant effect on the rooting response, whereas buffering was inhibitory to most rooting parameters, particularly root length. This finding contrasts with the beneficial effects on root number reported for apple microcuttings grown in buffered rooting medium (Harbage and Stimart 1996) . The discrepancy between studies could be related to the higher indole-3-butyric acid (IBA) concentration and the sequential culture system used in our experiments or to species-related differences. In our study, toxicity symptoms were restricted to media buffered between pH 4 and 5, suggesting that a direct effect of buffer was probably not the cause of poor rooting at all buffered pHs.
When nitrate was the sole N source, rooting percentage improved, and when nitrate was present as the N source in the root formation phase, cuttings produced longer roots. These findings are consistent with the well-established role of nitrate in stimulating root branching and lateral root elongation (Leyser and Fitter 1998 , Zhang et al. 1999 , Zhang and Forde 2000 .
The increase in root number in response to a high [Ca] , mainly when present in the induction phase, may be related to the involvement of Ca in cell division and auxin transport (Blazich 1988 , Bellamine et al. 1998 . In the presence of 3 mM Ca in the formation medium, a trend toward increased root length was observed, which is consistent with earlier findings (Blazich 1988 , Bellamine et al. 1998 . Calcium plays a key role in the root formation phase in poplar, perhaps because of its role in the binding of pectic chains in the cell wall, giving it more stability after cell wall loosening is induced by auxin for cellular elongation (Bellamine et al. 1998) . The higher root number following incubation with high [Ca] during the induction phase (but not during the root formation phase) in E. globulus, in contrast to the findings for poplar, may reflect differences in Ca storage capacity or Ca requirements for adventitious rooting between tree species.
Zinc deficiency resulted in decreased rooting percentage and decreased root number compared with cuttings in the 30-and 60-µM Zn treatments. Zinc deficiency disrupts auxin metabolism because Zn is required in the biosynthesis of tryptophan, an auxin precursor (Dell and Wilson 1985, Blazich 1988) . The trend showing a higher root number in the 30/9 Zn treatment may indicate that a high zinc concentration in the in- duction phase influences auxin concentrations, thereby favoring the rooting response. Decreasing [Fe] in the induction phase showed only a trend toward higher root number and longer root length. Differences in rooting performance were more evident when [Fe] was varied in the root formation phase. Iron participates in the biosynthesis of peroxidases (Campa 1991) , so its reduction in the induction phase could cause a decrease in the activities of peroxidases involved in auxin catabolism (Fang and Kao 2000) . The positive effect of Fe deficiency in the induction phase is probably related to enhanced auxin action, because the basal [Fe] in the formation phase was probably sufficient for root development. A reduction in peroxidase activity as a result of Fe deficiency during the formation phase could have compromised cell wall formation and lignification, leading to an accumulation of phenolic compounds in the rhizoderm (Römheld and Marschner 1981) and the observed tissue browning (cf. Olsen et al. 1981) . The Fe-deficiency also caused shoot chlorosis (Chereskin and Castelfranco 1982, Miller et al. 1982) .
Manganese deficiency in the root induction medium seemed to play a similar role to Fe deficiency during the same phase. Like Fe, Mn promotes peroxidase activity by acting as a co-factor (Campa 1991) . In this way, Mn deficiency may favor auxin action in the induction phase, and an increase in [Mn] (100 µM) in the formation phase would assure root growth, given that this nutrient is also involved in cell elongation (Marschner 1995) . However, the optimization of [Mn] in both rooting phases of E. globulus only showed a trend for increased elongation in the 0/100 treatment.
Boron deficiency resulted in poorer rooting than treatments with 30 and 200 µM B. Boron deficiency inhibits cell division and expansion (Lukaszewski and Blevins 1996) , as well as root growth in intact plants (Josten and Kutschera 1999) . These effects could explain our finding of poor rooting of microcuttings in the absence of exogenous boron in both rooting phases. However, Trindade and Pais (1997) obtained a 10% increase in rooting of E. globulus when boron was removed from the rooting medium. This discrepancy between studies may reflect a difference in mineral nutrient status of donor plants.
In Eucalyptus camaldulensis Dehnh. seedlings, the presence of copper in the culture medium increased lateral root formation (Dunn et al. 1997) . Likewise, copper appeared to favor adventitious rooting in our study with E. globulus microcuttings. Plants with copper deficiency show low peroxidase, indole-3-acetic acid (IAA) oxidase and polyphenol oxidase activities (Marschner 1995) . A basal concentration of Cu in the induction phase and 0.2 µM Cu in the formation phase caused a nonsignificant increase in root number, possibly through a regulatory effect on peroxidase activity during the rooting phases.
Phosphorus deficiency in both rooting phases significantly reduced root length. This finding contrasts with a report showing an increase in cell and root elongation in response to phosphorus deficiency in hydroponically grown Macrotyloma uniflorum (Fabaceae) (Lam.) Verdc. (Anuradha and Narayanan 1991), which may have been related to a decrease in medium pH and increases in cation/anion ratios in tissues. The differing responses to P deficiency in the two studies may be related to differences in the substrate (agar versus solution) and nutrient formulation. Zhao et al. (1991) showed that K promoted rooting in plants and cuttings of some plant species. In our study, K deficiency resulted in lower root numbers and root length compared with values for microcuttings grown in basal [K] (6 mM). High [K] had negative effects, indicating that the basal concentration was close to optimal for rooting.
The combination of nutrients at concentrations that significantly improved the different rooting parameters when tested separately showed that it is necessary to consider the different requirements of each nutrient at each adventitious rooting phase when attempting to optimize the vegetative propagation of E. globulus. Nevertheless, combining the optimal concentrations of nutrients may have adverse effects on the rooting response because the interactions of nutrients in solution are complex. Hence, cuttings cultured in a solution containing the optimal concentration of individual nutrients when tested in basal medium may not show a cumulative response equal to the sum of responses obtained by modifying one or two specific nutrients at a time. However, our overall results indicate that some combined media are as effective in enhancing rooting as the media with one nutrient modified at a time.
Survival rates and growth under the progressive acclimatization conditions did not differ significantly between cuttings derived from Medium C and those derived from M4. However, when acclimatized rooted cuttings from Medium C and M4 were transplanted and then subjected to water stress, the rooted cuttings derived from M4 showed better survival. Thus, optimal plant nutrient status is important under field conditions and may help increase the success rate of vegetative propagation programs.
